When a local mechanical perturbation is applied to the surface of a thin film of a mechanically interlocked molecule (a rotaxane), the molecules self-organize into periodic arrays of discrete dots or lines. The dimensionality of the nanostructures depends on whether the mechanical stimulus acts along a 1D line or over a 2D area. The size (50 -500 nm) and periodicity (100 -600 nm) of the patterns are controlled solely by the film thickness. This selforganization at the mesoscopic scale occurs via a nucleationripening mechanism eased by the relatively low energy barriers of the intramolecular rearrangement introduced by the mechanical bond. The phenomenon can be exploited as a bottom-up nanofabrication method.
B
ottom-up fabrication requires a hierarchical organization of materials that starts at the molecular level and reaches extended, mesoscopic-length scales. A substantial measure of supramolecular self-organization has already been achieved through specific design and fine-tuning of noncovalent interactions. A variety of supramolecular objects of nanometer size and low dimensionality, such as spheres (1) , wires (2) , stripes (3), rods (4), toroids (5) , and dendrimers (6) have so far been produced. However, self-organization of size-defined objects greater than tens or, more rarely, hundreds of molecules represents a formidable challenge in technologically relevant environments such as surfaces or thin films. On the other hand, a host of organization phenomena at interfaces exhibit spatial correlations across several orders of spatial length scales. Examples are self-affine growth (7) , wetting͞dewetting transitions (8) , Ostwald ripening (9) , spinodal decomposition (10) , and breath figures (11) . The spatial correlations of these interfacial phenomena, which would be extremely convenient to exploit in fabrication, have diverse origins that range from far-fromequilibrium growth conditions, to the presence of metastability, to the competition between intermolecular and surface interactions. Indeed, if possible, one would want to combine the supramolecular and the interfacial organization to obtain a deterministic assembly, where spatial correlations exist from a few molecular objects to mesoscopic constructs.
Our aim was to find suitable molecular systems that would not stay steadily ''anchored'' to a surface but, instead, upon an external stimulus, would change the pattern of interactions, thereby providing the input for long-scale reorganization. This is the case of rotaxane thin films that self-organize into patterns of dots upon a thermal treatment (12) .
Rotaxanes consist of a macrocycle (molecular ring) mechanically interlocked with a dumbbell (13) . Their dynamical properties (14, 15) have heralded them as attractive systems for a number of applications that include molecular switches (16, 17) , nanorecording (18) , and protection of electroluminescent emitters (19) . Earlier, we have shown that films of three rotaxanes, stimulated locally with the tip of an atomic force microscope (AFM), reorganize into strings of regularly spaced dots. This phenomenon can be exploited to store digital information (20) . The definition of the number of dots and their distances required neither a templating agent nor precise instructions.
Here, we investigate the rules and the time-dependent dynamics that govern the formation of different shapes, size, and periodicity of rotaxane patterns and their scaling behavior with film thickness and time. We find that the self-organized structures can be controlled down to sizes as small as Ͻ40 nm with periodicity of Ͻ100 nm. We show that dots or wires can be fabricated by varying the mechanical perturbation.
Results and Discussion
Stimulated Self-Assembly of Dots. Fig. 1a illustrates schematically the experiment that produces the dots. The tip of an AFM operated in contact mode acts as a local mechanical perturbation. As the tip is scanned across a smooth thin film of the rotaxane shown in Scheme 1, at a load force above a threshold value (Ͼ2 nN), the topography of film transforms into a string of regularly spaced dots. This phenomenon was observed for three different rotaxanes (20) . However, it was never observed for films of either the macrocycle or the dumbbell. Attempts to induce a similar reorganization on thin films made of different types of molecules, such as conjugated rodlike oligomers (sexithiophene) or coordination compounds [aluminum tris(8-hydroxyquinoline) (Alq3)] did not produce any appreciable result.
Initially, the effect of the mechanical perturbation appears as roughening of the topographical profile. The transformation can be interrupted and restarted at any time simply by turning off and on the perturbation, until it reaches completion.
The remarkable feature of this behavior is that the external stimulus does not impose the periodicity of the structure, which instead arises from a collective self-organization. This feature is evident from the sequence of topography signals (Fig. 1b) recorded as the AFM tip scans at the threshold force. The dots emerge collectively upon repeating the line-scan several times, grow in height, and adjust their lateral spacing until they ripe. The sequence is assembled in Movie 1, which is published as supporting information on the PNAS web site.
The occurrence of the phenomenon does not depend on the scan rate that can be varied between 0.5 and 5 Hz at least. The procedure can be applied to large areas in the presence of defects such as stepped terraces (Fig. 1c) . The self-organization process is therefore robust to the defects and viable for large area patterning across surfaces far from ideal ones. In the array shown law predicts that a monolayer-thick film of 1 nm would produce dots spaced 100 nm apart. The equivalent surface density for information storage would be Ϸ10 gigabits⅐cm Ϫ2 . No significant sign of scraping, wear, or removal of material by the tip appears from the AFM images, which suggests that the process is not caused by plowing of the film. Confirmation comes from the comparison between the volume of the space created between two nanostructures, namely, ( Ϫ L) ϫ L ϫ h and, the volume of a dot, L ϫ L ϫ D. For h Ͼ 4 nm, the two volumes coincide within Ͻ10% (Fig. 2b) . The close agreement between the value of the reorganized volume and the volume of the dots implies that the transformation involves mostly mass transport without removing of material.
Thickness dependence of periodic features is characteristic of processes such as dewetting. In one of the most studied cases, spinodal dewetting, the characteristic length scale varies quadratically with the thickness (21) . In other systems, such as elastic thin films perturbed by an approaching solid surface, the wavelength of the emerging pattern varies linearly with the thickness (22, 23). Our finding in Fig. 2a shows an analogy with the behavior of elastic thin films. It also implies that once the thickness is set the number of dots can be predefined by the scan length, as shown in Fig. 2c .
2D Structures.
When the distance between the parallel lines drawn by the AFM tip is smaller than the characteristic distance between the dots, they coalesce into stripes of well defined lateral size, height, and characteristic distance. Fig. 3 shows the evolution of the surface morphology upon a sequence of 2D scans. The formation of stripes with elevation higher than the pristine film occurs with exposure of the bare substrate. The transformation occurs collectively and reaches completion after four scans, for scan frequency of 0.8 Hz. In other cases, as shown in Movie 2, which is published as supporting information on the PNAS web site, the transformation mimics an avalanche effect, where the film rupture nucleates locally and spatial correlations between the stripes develop rapidly in time.
This phenomenon differs from a wetting͞dewetting transition (24, 25) of which it is reminiscent because it remains confined to the area where the mechanical perturbation acts. Indeed, only the region where the perturbation scan was applied is affected by the morphological transformation, whereas the rest of the film remains unperturbed.
The Dynamics of Growth. We have analyzed the evolution of the surface roughness, w, during the transformation. Fig. 4a shows the rms fluctuation, w, of the topographic height, measured across the 1D and 2D scans, the first, at the top, from the oscilloscope lines in Fig. 1b and the second across the scanned area in Movie 2. The number N of perturbation scans is proportional to the effective time t during which the transformation takes place. At 1-Hz scanning frequency, the 1D data are fitted during the growth time to a power law w(t) ϭ t ␤ , with ␤ ϭ 0.31 Ϯ 0.07. The 2D data also obey a power law with ␤ ϭ 0.63 Ϯ 0.01. This finding suggests a relationship between scaling exponent such as ␤ 2D ϭ d ␤ 1D , where d is the dimensionality of the pattern. This proportionality is encountered in several theories of scaling (25) (26) (27) . The scaling behavior vs. time of growth is interrupted by a saturation plateau in both types of scans, indicating the completion of the process.
We justify this scaling exponent by using a simple model for the transition, as depicted in Fig. 4b , where the time-varying roughness is expressed in terms of the time-dependent fraction ⌰ 0 of the surface of the hole (either in 1D or 2D) from where material moves out. We assume that: (i) the initial film is smooth; (ii) its thickness is nh 1 , where n is the number of monolayers and h 1 is the height of one monolayer; (iii) the removed material accumulates at the rim of the hole, increasing the film thickness at the rim by nh 1 ; and (iv) the flow of material directed toward the rim is isotropic.
The height distribution is given by: (i) the ⌰ 0 fraction of surface with height zero (hole); (ii) the ⌰ 1 fraction of unperturbed film area with a height h 1 ; and (iii) the ⌰ n fraction of surface where the material removed from the hole accumulates into n stacked layers, each of height h 1 . Because ⌰ 0 ϩ ⌰ 1 ϩ ⌰ n ϭ 1, and ⌰ n ϭ ⌰ 0 ͞ (n Ϫ 1) for the conservation of the displaced mass, which implies that ⌰ 1 ϭ 1 Ϫ n⌰ 0 ͞(n Ϫ 1). The mean height of the ruptured film is h ϭ h 1 (⌰ 1 ϩ n⌰ n ), so that the rms roughness turns out to be
Therefore, the model predicts that the characteristic length scale of the hole, namely, h 1 ͌⌰ 0 Ϸ t d/3 . The experimental scaling exponent, 0.63 Ϯ 0.01, is similar to that predicted for the characteristic size of growing holes in 2D (24, 25) , where the limiting case of 2͞3 corresponds to a regime of strong slippage, implying that the extra surface energy is dissipated completely within intermolecular interactions.
Atomistic Insight. The transformation takes place for the mechanically interlocked rotaxanes and was never observed for films of either the thread or the macrocycle. To further investigate its origin, molecular modeling of nine different surfaces showed that the surface energy of the rotaxane ranges from 50 to 350 mJ⅐m Ϫ2 (12) for the low index surfaces. Two of the more stable surfaces can interconvert through the motion of the molecular ring (shown in Movie 3, which is published as supporting information on the PNAS web site). Fig. 5 shows the stationary points of the interconversion from the (101) to (100) surface. The interactions between the macrocycle and the thread are very similar in the initial and final structures. If one isolates a molecule for each surface and recalculates their energies, the two structures differ only by 9.2 kJ⅐mol Ϫ1 . The transition state in the solid, not therefore for the isolated molecule, is 200.4 kJ⅐mol Ϫ1 per molecule. This value can be compared with the calculated packing energy of 230 kJ⅐mol Ϫ1 (28) and is several times larger than what is observed (and calculated) for the macrocycle spinning in solution (29) . The lower energy of the transition state with respect to the packing energy makes it accessible without destruction of the condensed phase. The energy cost of the transition state can be divided into various contributions: (i) the intramolecular rearrangement of the rotaxane costs 70.9 kJ⅐mol Ϫ1 ; (ii) the variation of the surface environment of the thread costs 57.3 kJ⅐mol Ϫ1 from (001) and 68.9 kJ⅐mol Ϫ1 from (101); and (iii) the change of the surface environment of the macrocycle costs 81.5 kJ⅐mol Ϫ1 from (001) and 60.7 kJ⅐mol Ϫ1 from (101). The picture provided by the calculations is consistent with two experimental evidences: (i) films of the rotaxane are stable at room temperature (low energy transition state would make the surfaces unstable), and (ii) an increase of the load force above the threshold for fabrication of the dots results in massive disruption of the film surface (because it overcomes the packing energy).
The Proposed Mechanism. To propose a mechanism for the appearance of the dots one should consider that (i) the film surface consists initially of randomly oriented rotaxane co-conformers; and (ii) the mechanical perturbation provides energy for the rotaxanes to reorganize intermolecularly. The simulations show that on the surface the interrotaxane reorganization can take place with small intramolecular rearrangements such as through the spinning of the macrocycle. Along each line scanned, nuclei of rotaxane crystallites with stable interactions are seeded. The nuclei grow by incorporation of nearby molecules and coalesce into larger clusters if they are closer than a cut-off distance (30) . The clusters eventually stabilize at a characteristic distance that depends on the amount of material available (film thickness) and give ordered patterns of 1D dots. For the perturbation in 2D, lines are generated by the further coalescence of nuclei from adjacent lines.
It is important to point out that the material transported to form the dots comes exclusively from the scanned lines. The explanation is both trivial and important: only the molecules in contact with the tip acquire sufficient energy to reorganize. The dominant mass transport mechanism is describable as ripening and coalescence and the low energy barriers are caused by the presence of the mechanical bond.
Conclusion
The self-organization of dots in the form of ordered arrays from rotaxanes surfaces is made possible by the relative ease of intercomponent mobility in the solid state (macrocycle spinning about the thread). The process triggered by a mechanical stimulus reflects the propagation of supramolecular interactions to large finite distance. It resembles a wetting͞dewetting transition in elastic thin films, but is more likely caused by selfaffinity of the rotaxane because it does not depend on the substrate (unpublished work).
Although a scanning probe tip is the source of mechanical perturbation here, the transformation can be upscaled to parallel lithography based on a stamp as mechanical perturbation. The explanation suggested for the dots formation links together the widely used concepts of supramolecular (re-)organization and emergence of a characteristic length scale, the interdot distance, in the presence of a mechanical bond.
Experimental Procedures
Thin films of the rotaxane (31) (see Scheme 1) were grown by drop casting 20 l of a 0.1 g͞liter acetone solution onto highly oriented pyrolitic graphite and then annealed at 40°C for 5 min. The thin films exhibited a smooth, homogeneous coverage over a cm 2 area and were stable at ambient conditions in air and upon exposure to light for several months. The films were imaged by using the AFM in contact mode without any significant damage or wear for several times, if the set point force was kept below a threshold value of Ϸ2 nN.
Computational Procedures
Computer simulations (32) with the MM3 model (33) using periodic boundary conditions and a combination of simulated annealing and geometry optimization techniques were performed. The MM3 force field was developed by fitting both heats of formation and structural results in the gas phase and in crystals of simple organics. MM3 has been successfully used on other hydrogen-bonded architectures (34, 35) , because it is specifically parameterized to describe H bonds in terms of dipole interactions and includes specific interatomic nonbonded potential energy functions that allow a quantitative treatment of the van der Waals and electrostatic interactions, which play an essential role in hydrogen bonding and theinteractions between aromatic rings. In the treatment of the periodic boundary conditions, Ewald summation was used for the electrostatic interaction, thereby including all of the possible terms. 
